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Description 

DETERMINISTICALLY DOPED 
FIELD-EFFECT DEVICES AND METHODS 

OF MAKING SAME 

Cross Reference to Related Applications 

[0001] This application is a continuation-in-part of and claims 
priority from commonly owned, U.S. Application Serial 
Number 09/510,802, filed February 23, 2000, the entire 
disclosure of which is incorporated herein by reference. 
This application claims priority from commonly owned, 
U.S. Provisional Application Serial Number 60/407,542, 
filed August 30, 2002, the entire disclosure of which is in- 
corporated herein by reference. 
Background of Invention 

[0002] Conventional semiconductor doping is not a deterministic 
process, i.e. it creates a statistical distribution of dopants. 
In the case of field-effect devices, stochastic doping en- 
ables reliable device performance by ensuring a repro- 



ducible distribution of large numbers of dopant atoms in 
the channel region. However, conventional doping pro- 
cesses, such as traditional diffusion or implantation tech- 
niques, cannot be used to control the atomic scale posi- 
tioning of dopant atoms. In conventional FET devices, the 
exact number of doping atoms in a given region is deter- 
mined by chance, constrained by the requirements that 
the average doping over a large number of small regions 
must be the correct macroscopic average. As feature sizes 
are scaled to a few nanometers (nm), the traditional 
stochastic approach to doping is presenting problems. 
[0003] Some of the reasons that conventional doping technology 
imposes limits on scaled sub-100 nm FET integrated cir- 
cuits are related to the number and position of individual 
dopant atoms in the channel. First, consider the impact of 
dopant numbers in ultra-small FETs. At these small di- 
mensions, reliable FETs require large channel doping den- 
sities to prevent the punch-through effect. However, large 
channel doping densities in such conventionally scaled 
FETs adversely decrease device performance, for example, 
due to multiple scattering that decreases channel mobil- 
ity. Hence, conventional stochastic doping technology 
limits the feasibility of achieving concurrent improve- 



merits in the performance of scaled, ultra-small FETs. 
[0004] Super steep retrograde doping technology offers some 

advantages over conventionally scaled devices. The chan- 
nels of sub-70 nm FETs with super steep retrograde dop- 
ing consist of a very thin surface layer, with a lower 

17 -3 

dopant concentration of 10 cm , that changes abruptly 
to an underlying heavily doped layer, with a dopant con- 

19 -3 

centration of about 10 cm The thickness of the lightly 
doped surface layer should be less than the source-drain 
extension depth. Based on the data in Table 1, derived 
from the 2001 International Technology Roadmap for 
Semiconductors (ITRS), the thickness of the retrograde 
doping layer is less than 10 nm and 5 nm at the 80 nm 
and 32 nm technology nodes, respectively. The purpose 
of the retrograde layer is to create a thin, lightly doped 
region of high mobility on top of a heavily doped, lower- 
mobility layer. In conventional, stochastically doped de- 
vices, carrier scattering increases and mobility decreases 
with the number of dopant atoms in the channel. Conven- 
tional super steep retrograde doped devices seek to 
maintain a dopant concentration of ~10 17 dopant atoms 
per square centimeter in this retrograde layer. In conven- 
tional stochastically doped devices of this size, this dop- 



ing concentration exhibits acceptable carrier mobility. 
ITRS specifications for sub-70 nm FET channel retrograde doping 
profiles 
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[0005] Next, consider the impact of dopant number and position 
on the variability of small device performance characteris- 
tics. According to Table 1, as devices scale below the 80 
nm ITRS node, the number of dopant atoms in the retro- 
grade channel is less than ten. Such a small number of 
dopants in the thin surface layer cannot be obtained re- 
producibly using conventional doping techniques. The de- 
vice parameters are therefore sensitive to statistical fluc- 
tuations (proportional to the square root of the number of 
dopants). At the 100 nanometer ITRS node, the operating 
regime is such that discrete dopant fluctuations lead to 
substantial variations in threshold voltage of about 20-50 
mV. Below the 80 nm node the threshold voltage variation 
can be 25-100 % of the operating voltage. Taking into ac- 
count the uncertainty in dopant position, in addition to 



the uncertainty in the number of dopants, will make the 
parameter variability even worse. Uncertainty of the indi- 
vidual transistor's parameters in one chip imposes a prac- 
tical limit to scaling, due to the difficulty of design, fabri- 
cation and operation of complex systems based on non- 
identical FETs. In complex ICs, the probability that all 
transistors are identical and that a circuit will function 
properly, within given specifications, sharply decreases 
with decreasing channel length. Therefore, new ways of 
doping must be developed if practical ultra-small field- 
effect devices are to be realized. 
Summary of Invention 

[0006] The present invention is directed to field-effect semicon- 
ductor devices and methods of making such devices 
where relatively small numbers of dopant atoms, also re- 
ferred to as impurities or impurity atoms, are arranged in 
the channel in an engineered array or engineered arrays. 
An engineered array is defined as a configuration of one 
or more dopant atoms, where each atom is placed in a 
specific, predetermined location with respect to the chan- 
nel and other dopant atom(s) in the channel. In this way, 
ultra-small devices with appropriate performance charac- 
teristics can be realized. 



[0007] | n one example embodiment a device structure includes a 
host structure with an undoped or low-doped channel re- 
gion. An engineered array of impurities is disposed at the 
channel region of the host structure. The engineered array 
comprises at least one dopant or impurity atom. By "at the 
channel region" what is meant is that the engineered array 
can be placed atop, within, in or on the channel region of 
the host structure or implanted within the channel region, 
either completely or in part. This term is also intended to 
encompass the situation where a portion of the engi- 
neered array lies just within the source and the drain. The 
array can also be disposed on top of intervening layers 
and structures at a specified distance but still close 
enough to the channel region itself for desired operation. 
Component atoms of the engineered array are substan- 
tially fixed by substantially controlled placement in order 
to facilitate the necessary control of source-drain carrier 
flow. Carriers can be either electrons or holes. A source 
and drain region may be included in the original host 
structure or may be added by conventional methods after 
the engineered array is in place. 

[0008] Depending on the specific embodiment, a field-effect 

transistor can be formed by including a first insulator dis- 



posed atop the host structure with channel, source, and 
drain regions, and the engineered array of impurities in 
the host structure and a gate disposed atop the first insu- 
lator. The device can also be made a silicon-on-insulator 
(SOI) device, in which case a second insulator is disposed 
beneath the field-effect device structure. The engineered 
array of impurities can include some or all component 
atoms arranged substantially in one or more rows running 
substantially parallel to the channel region source and 
drain interfaces, or at least one of the interfaces. Alterna- 
tively, the engineered array can include some or all com- 
ponent atoms arranged in a substantially ordered pattern 
resulting at least in part from self-assembly of the com- 
ponent atoms, or a combination of the two, or in other ar- 
rangements. Dopant atoms can be p-type, n-type or 
combinations of the two. 
[0009] | n one embodiment, a field-effect transistor like that de- 
scribed above is assembled by forming a host structure 
including a channel region. Dopant atoms are placed and 
formed into an engineered array at the channel region. An 
epitaxial film of semiconductor materials is grown over 
the structure. At this point, a dielectric layer can be 
formed over the epitaxial film and a pattern can be ap- 



plied to the host structure to define the final shape of the 
field-effect transistor. Finally, a gate electrode can be 
formed atop the dielectric layer. 
[0010] | n another embodiment, such a transistor is formed by 

first forming a semiconductor substrate, and then placing 
a first atom of the engineered array of dopant atoms on 
the substrate. A first epitaxial film of depleted semicon- 
ductor material can then be grown over the first atom and 
the semiconductor substrate. A second atom of the engi- 
neered array of dopant atoms is then placed on the first 
epitaxial film, and a second epitaxial film is grown. Atoms 
and epitaxial films can then alternately be placed atop the 
structure until the engineered array of dopant atoms is 
formed beneath a final epitaxial film of depleted semicon- 
ductor material. A dielectric layer can then be applied, fol- 
lowed by patterning and the forming of a gate as before. 
Depending on the embodiment, atoms can be placed by 
proximity probe manipulation, ion implantation, or facili- 
tating self-assembly of the atoms as necessary. 
Brief Description of Drawings 

[001 1] FIG. 1 is a schematic illustration of a two-dimensional en- 
ergy diagram, which provides a key to some dimensions 
and device regions discussed herein with respect to spe- 



cific embodiments of the invention. 
[0012] FIG. 2 shows two views of a field-effect device having a 
single atom disposed in a depleted channel. A top view is 
shown in FIG. 2A and a cross-sectional view is shown in 
FIG. 2B. 

[0013] FIG. 3 illustrates the spatial distribution of a Coulomb po- 
tential, v , in an FET channel created by a single acceptor 
atom. The cross-hatched rectangle indicates a barrier re- 
gion. 

[0014] FIG. 4 is a two-dimensional potential energy graph of the 
device, cross-section parallel to the gate, illustrated in 
FIG. 2 

[0015] FIG. 5 is a cross-sectional view of a field-effect device 

with a small number of atoms arranged randomly in a de- 
pleted channel region. 

[0016] FIG. 6 is a two-dimensional potential energy graph for the 
device, cross section parallel to the gate, illustrated in FIG. 
5. 

[0017] FIG. 7 is shows three top views of a device like that illus- 
trated in FIG. 5, each view showing a different, random 
arrangement of dopant atoms. The views are labeled FIG. 
7A, FIG. 7B, and FIG. 7C for convenience. 

[0018] FIG. 8 is a graph showing the comparative voltage vs. cur- 



rent characteristics of devices like that illustrated in FIG. 
7. 

[0019] FIG. 9 is another top view of a device with a small number 
of randomly arranged dopant atoms in a depleted channel 
region. 

[0020] FIG. 10 is a top view of a device according to one example 
embodiment of the invention, having an engineered array 
of dopant atoms in the channel region. 

[0021] FIG. 11 illustrates another device according to another ex- 
ample embodiment of the invention. FIG. 11 is presented 
as a top view of the device illustrated in FIG. 11A, and a 
cross-sectional view of the device illustrated as FIG. 11B. 

[0022] FIG. 12 is a top view of a device according to another ex- 
ample embodiment of the invention, again having an en- 
gineered array of dopant atoms in the channel region. 

[0023] FIG. 13 is a top view of a device according to another ex- 
ample embodiment of the invention, again, having an en- 
gineered array of dopant atoms in the channel region. 

[0024] FIG. 14 is a top view of a device according to another ex- 
ample embodiment of the invention, again, having an en- 
gineered array of dopant atoms in the channel region. 

[0025] FIG. 15 is a top view of a device according to yet another 
example embodiment of the present invention. 



[0026] FIG. 16 is a top view of a device according to another ex- 
ample embodiment of the invention, having an engineered 
array of dopant atoms in another example pattern in the 
channel region. 

[0027] FIG. 17 is a top view of a device according to another ex- 
ample embodiment of the invention, having an engineered 
array of both types of carrier atoms in the channel region. 

[0028] FIG. 18 is another top view of a device according to an- 
other example embodiment of the invention in which 
some dopant atoms are used to improve the uniformity of 
the source-channel and drain-channel interfaces. 

[0029] FIG. 19 illustrates a depleted channel host structure that 
can be used to make devices according to some embodi- 
ments of the invention. 

[0030] FIG. 20 illustrates an SOI depleted channel host structure 
that can be used to make devices according to additional 
embodiments of the invention. 

[0031] FIG. 21 illustrates one possible fabrication setup, which 
can be used to make devices according to some embodi- 
ments of the present invention. 

[0032] FIG. 22 illustrates the fabrication process for a device ac- 
cording to some embodiments of the present invention. 

[0033] FIG. 23 illustrates another fabrication process for a device 



according to additional embodiments of the present in- 
vention. 
Detailed Description 



[0034] The present invention will now be described in terms of 
specific, example embodiments. It is to be understood 
that the invention is not limited to the example embodi- 
ments disclosed. It should also be understood that not 
every feature of the semiconductor devices described is 
necessary to implement the invention as claimed in any 
particular one of the appended claims. Various elements 
and features of various embodiments of devices and pro- 
cesses are described to fully enable the invention. It 
should also be understood that throughout this disclo- 
sure, where a process or method is shown or described, 
the steps of the method may be performed in any order or 
simultaneously, unless it is clear from the context that 
one step depends on another being performed first. 

[0035] At least some of the drawings, which are used to illustrate 
the inventive concepts, are not mutually exclusive. Rather, 
each one has been tailored to illustrate a specific concept 
discussed. In some cases, the elements or steps shown in 
a particular drawing can co-exist with others shown in a 
different drawing, but only certain elements or steps are 



shown for clarity. For example, multiple types of dopants 
or multiple configurations of engineered arrays can co- 
exist in one device, or in multiple devices being fabricated 
together, or connected together in an integrated circuit. 
[0036] it should also pointed out that references are made 

throughout this disclosure to figures and descriptions us- 
ing terms such as atop, top, above, beneath, below, 
within, on, at, vertical, horizontal, etc. These terms are 
used merely for convenience and refer only to the relative 
position of features as shown from the perspective of the 
reader. An element that is placed or disposed atop an- 
other element in the context of this disclosure can be 
functionally in the same place in an actual product, but be 
beside or below the other element relative to an observer 
due to the orientation of the equipment. Any discussion 
using these terms is meant to encompass all such possi- 
bilities. 

[0037] FIG. 1 schematically illustrates the two-dimensional po- 
tential diagram 100 for field-effect device structure like 
that which will be discussed here. The channel represents 
a potential energy barrier to carrier flow. As can be seen, 
the term "channel length" as used herein refers to the dis- 
tance across the channel between source and drain, and is 



indicated with the letter L The "channel width" is the dis- 
tance across the device structure over which the source 
region, drain region, and channel region are parallel, and 
is indicated with the letter W. 
[0038] As previously described, the invention contemplates the 

use of an engineered array of dopant atoms in the channel 
region of an FET device, including the use of a single 
dopant atom. However, it should be noted that the termi- 
nology an "engineered array of impurities" or of "dopant 
atoms" encompasses any devices in which the engineered 
array includes one or more atoms where positions of each 
atom are controlled in order to achieve consistent perfor- 
mance in ultra-small devices. Engineered arrays according 
to embodiments of the invention include but are not lim- 
ited to single atoms, non-repeating or repeating linear 
and non-linear patterns, geometric shapes such as circles, 
spirals, triangles, or squares, and other patterns that ap- 
pear irregular but can be specified numerical terms. The 
engineered positioning of one or more dopant atoms in a 
depleted channel creates a barrier(s), well(s), or a combi- 
nation of barriers and wells across the channel to engineer 
channel characteristics. FIG. 2 illustrates an example of 
one possible a device. FIG. 2A is a top down, "see- 



through" view of a device, 200, including source region 
202, drain region 204, and depleted channel region 206. 
A single dopant atom, 208, has been placed in the hori- 
zontal center of the channel region. This is a p-type 
dopant and the source and drain regions are n + material, 
as shown in the drawing. Throughout this disclosure, p- 
type dopants are illustrated as solid dots, and n-type 
dopants are illustrated as open circles. With an embodi- 
ment such as that illustrated in FIG. 2, the single dopant 
atom in the channel of a field-effect transistor (FET) will 
produce a very localized energy barrier. 
[0039] FIG. 3 is a graph, 300, showing how a potential barrier, 
created by one acceptor in the middle of a silicon (Si) 
channel, decreases with increased distance from the cen- 
ter. For this example, derived from the condition that: 

[0040] 





[0041] the maximum channel width is given by: 

[0042] 

W « « 5nm 

max 
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[0043] where e=l.6xl0 19 C, □ = 8.85x10 14 F/cm, and □ = 12, 

o 

for Si. The spatial distribution of a Coulomb potential, 
is shown in eV in an FET channel created by a single ac- 
ceptor atom. Cross-hatched area 302 indicates the barrier 
region. Thus, if the channel width is too great, the barrier 
provided by the dopant atoms will be insufficient and 
electrons will cross the channel by going around the 
dopant, as illustrated by the bold arrows in FIG. 2A. Thus, 



the channel width must be kept relatively narrow, so that 
it is comparable to the spatial dimensions of the single- 
dopant barrier. A practical device with a single-dopant 
engineered array can be made under these example con- 
ditions if it has a channel width of less than approximately 
5 nm. 

[0044] FIG. 2B illustrates the same device as in FIG. 2A, only in 
this case a cross-sectional view is shown. It can also be 
seen in FIG. 2B that in the finished device a metal oxide 
insulating layer, 210, and gate 212 are present. The de- 
vice is a silicon device thus, it can be referred to as a sili- 
con based field-effect transistor (FET). 

[0045] FIG. 4 is a two-dimensional potential energy graph, 400, 
for a single atom in or on depleted semiconductor mate- 
rial. The graph shows potential energy in eV plotted 
against position in angstroms in two dimensions. The po- 
sition of the atom is shown at 402. The atom produces a 
potential energy peak at 404. 

[0046] it w i|| be helpful to the reader to understand the effects of 
having a small number of atoms randomly distributed in 
the channel of an ultra-small device. These effects are il- 
lustrated in Figures 5-9. This discussion is being pre- 
sented in order to aid in the comprehension of the later 



discussion of the nature and construction of the engi- 
neered arrays according to the invention in the cases 
where an engineered array includes more than one impu- 
rity atom. 

[0047] FIG. 5 is a cross-sectional view of an ultra-small silicon 
device, 500 with multiple p-type dopants, 502, randomly 
distributed in at the depleted channel region. Other ele- 
ments of this device are the same as in the device previ- 
ously illustrated with a cross-sectional view, and thus ref- 
erence numbers for these elements are omitted for clarity. 
By making a large number of devices at once with small 
numbers of randomly distributed dopant atoms, a small 
number of the devices may have an appropriate distribu- 
tion of dopant atoms to function. But, as the channel 
length approaches 10 nm, the isolated effects of each of 
small numbers of dopant atoms in the channel will in- 
creasingly determine and dominate device properties. As 
shown in potential energy graph 600 of FIG. 6, at these 
device dimensions, the dopant atoms create a few isolated 
potential barrier "islands" as illustrated at 602, and not 
the continuous potential barrier, expected from conven- 
tional FETs. The positions of these localized potential bar- 
riers will affect the trajectories of electron movement in 



the channel, resulting in different current-voltage charac- 
teristics for each working device. 
[0048] Figures 7 and 8 illustrate these variations. FIG. 7A, 7B, and 
7C each show a top-down, see-though view of a device 
from a collection of devices which had small number of 
impurity atoms randomly distributed at the channel re- 
gion. The source region, drain region, and channel region 
of each device are indicated. FIG. 7A illustrates device 500 
with dopant atoms 502 from FIG. 5. FIG. 7B shows device 
700 with dopant atoms 702 having a different, but ran- 
dom distribution. FIG. 7C shows device 750 with dopant 
atoms 752 in yet still another different, but random distri- 
bution. The bold arrows traversing the channel in the de- 
vices shown in FIG. 7 are example carrier trajectories. FIG. 
8 is a current-voltage graph, 800, with curves showing 
the current-voltage characteristics for each device, as in- 
dicated by the included legend, 802. Axis 804 is plotted in 
micro-Amps and axis 806 is plotted in Volts. The graph 
shows a variation in characteristics that would be unac- 
ceptable for devices in many cases. Note that the plots 
correspond to different distributions of the same number 
of dopant atoms. Thus, merely controlling the number of 
atoms at small sizes cannot achieve results that are com- 



pletely acceptable. 

[0049] For stochastically doped devices, a carrier interacts with 

several impurities at any given instant in time, thereby re- 
ducing channel mobility. The conventional stochastic dop- 
ing with large numbers of dopant atoms results in multi- 
ple-electron scattering, which drastically decreases the 
carrier mobility. Hence, individual devices may not func- 
tion according to the design specification due to the loose 
positional tolerances associated with stochastic doping. 
The results above illustrate that even with small numbers 
of atoms, a random distribution increases variability in 
carrier trajectories. This variability in trajectory lengths 
will induce variability in carrier transit times, with an ad- 
verse impact on device performance and device character- 
istics. These principles are illustrated in FIG. 9, which is a 
simplified, top-down, see-though view of a device, 900, 
with a random distribution of impurities 902 in channel 
region 904. The bold arrows in FIG. 9 running from source 
906 to drain 908 show a sample of electron trajectories. 
For each different distribution of dopants in the channel, 
these trajectories are different. 

[0050] jo achieve improved, more consistent characteristics, ac- 
cording to embodiments of the invention, a small number 



of atoms is positioned in a controlled manner to form an 
engineered array at, in, or near a depleted channel region. 
In this way, controlled positioning of individual impurities 
can be used to create an optimal engineered energy bar- 
rier in a relatively wide-channel device as shown in FIG. 
10. This periodic doping of FET channel boosts the mobil- 
ity of charge carriers in the device and, as a result, im- 
proves consistency of current-voltage characteristics 
across devices and increases the operating frequency. In 
this example, device 1000 of FIG. 10 includes an ordered 
p-type dopant array, 1002, disposed at depleted channel 
region 1004. As is typical, the device structure also in- 
cludes source region 1006 and drain region 1008, both of 
which are n + semiconductor. Using such a periodic array 
of dopant atoms, comprising at least one row running 
substantially parallel to the depleted channel region inter- 
faces with the source and the drain, 1010 and 1012, re- 
spectively, effective control of the source-drain electron 
flow and minimum electron-impurity interactions are 
achieved. Note that by use of the term "substantially par- 
allel" there is an intent to encompass variations within the 
tolerances discussed herein, and situations in which the 
interfaces themselves are not precisely parallel. Carrier 



trajectories (electrons in the case of p-type dopants) in 
this example embodiment will be as shown by the bold 
arrows, and will be substantially the same for each device 
that uses the same ordered dopant array. The placement 
tolerances of the dopant atoms will be determined by 
placement variances that still allow carriers to transit the 
channel with minimal scattering, i.e. electron-impurity in- 
teractions. In a typical silicon device like that shown in 
FIG. 10, placement tolerances of approximately 1 nm will 
suffice either for a regular array of dopant atoms, or other 
customized array patterns. Note that in some embodi- 
ments, additional substantially parallel rows of impurities 
can be included. 
[0051] Atomic scale position control of dopant atoms can be 
used to create the engineered array shown in FIG. 10. 
Such positioning can be obtained using proximity probe 
manipulation techniques and devices can be fabricated 
using these techniques in combination with other more 
traditional techniques as will be described later with re- 
spect to Figures 20 and 21. Techniques to position atoms 
with the accuracy needed are known in the art. For exam- 
ple, a method of making an atomic chain circuit by placing 
atoms at predetermined locations is described in U.S. 



Patent No. 5,981,316, issued November 9, 1999, which is 
incorporated herein by reference. That method is based 
on atom manipulation technology that allows a fabricator 
to move atoms one by one and arrange them as desired 
using a proximity probe manipulation (PPM) technique. 

[0052] FIG. 11 shows two views of a field-effect device having an 
engineered array made up of multiple substantially paral- 
lel rows of component atoms. FIG. 11A presents a see- 
through top view and FIG. 11B presents a cross-sectional 
view. In this case device 1100 includes p-type dopant 
atoms 1102 in depleted channel 1104. Source 1106 and 
drain 1108 are n + material, and have interfaces with the 
channel at 1109 and 1110, respectively. In the cross- 
sectional view of FIG. 11B, dielectric layer 1111 and gate 
1112 are visible. 

[0053] it should be noted that, beyond parameter variations, an- 
other limitation of doped semiconductor p + -n-p + or n + 
-p-n + FET structures arises from the need to decrease the 
power supply voltage in order to decrease the total power 
consumption of an integrated circuit. Consider the oper- 
ating voltage of a FET, which is determined by the source- 
channel barrier height 

[0054] 
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[0055] given by: 

[0056] 
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[0057] where V (N,x) is the Coulomb contribution to the barrier, 

c 

due to ionized dopants in the channel. The smallest bar- 
rier height is E /2 when the channel is completely un- 

doped. For silicon devices E =1.12 eV. Thus, the implied 

g 

fundamental limit for the minimum operating voltage of 
an undoped silicon FET is 0.56 V, for n + -p-n + orp + -n-p 
or undoped systems. 
[0058] The precise positioning of dopant atoms in a semiconduc- 
tor channel enables structures that offer FET functionality 



below this perceived 0.56 V barrier. For example, adding 
engineered arrays of dopant atoms, of the same type as in 
the source and drain regions (e.g. forming n + -n-n + orp + 
-p-p "Structures rather thann + -p-n + orp + -n-p + struc- 
tures), enables devices structures with effective channel 
barrier heights less than E /2(e.g. < 0.56 eVfor Si). Ad- 
ditionally, deterministically controlled channel doping, of 
the same type as the source and drain regions, allows for 
an extension of the FET concept by including doped reso- 
nant tunnel transistors, DRTT, based on n + -n ~ -n + orp + 
-p~ -p + structures. In this case, dopants in the channel 
form localized potential wells, not broad potential barri- 
ers. For the case of a single dopant atom in the channel, if 
the distances between the source, drain, and well (the 
dopant atom) are approximately 5-10 nm, to enable tun- 
neling, the controlled electron flow from source to drain 
can proceed by resonant tunneling through this potential 
well. For the case of more than one dopant atom, reso- 
nant tunneling through channels longer than 5-10 nm can 
be achieved via a string of dopants to create an overlap- 
ping system of potential wells. In this case, interdopant 
distances also must be less than approximately 5-10 nm. 
[0059] The positioning of dopant atoms also may be used to im- 



prove the uniformity of the source to channel and the 
channel to drain interfaces. Additionally, either donor or 
acceptor atoms (p-type or n-type impurities) can be used 
to form an engineered array according to embodiments of 
the invention. In the case of n-type impurities, potential 
wells are formed in the material instead of potential barri- 
ers. It is also possible to precisely position both donor and 
acceptor atoms in a channel, thus forming both potential 
barriers and wells at specified positions. In such struc- 
tures, more diverse carrier trajectories and device func- 
tionality may be achieved. Using device notation specify- 
ing source and drain types, and dopant types by carrier, 
devices in which a single type of dopant forms the engi- 
neered array in the channel can include n + -p-n + , p + - 
n-p + , n + -n-n + , and p + -p-p + . However, as will be 
shown in examples below, a device can be made with both 
dopant types in the engineered array, creating both wells 
and barriers. Such a device is represented with notations 
such as: 

[0060] 
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[0063] Figures 12-14 show top-down views of field-effect device 
structures with additional configurations of p-type and n- 
type source and drain materials and impurities. In these 
examples, the engineered array is a row running substan- 
tially parallel to the source and drain interfaces with the 



depleted channel region. Note that other patterns of ei- 
ther repeating or non-repeating atoms can be used to 
make of an engineered array according to the invention, 
even patterns in which the array is not parallel to any of 
the interfaces or not periodic or linear in nature. The peri- 
odic rows of dopant atoms discussed herein are given as 
examples only. FIG. 12 illustrates a device 1200 with ap + 
-n-p + configuration having source 1202, channel 1204, 
and drain 1206. FIG. 13 illustrates a device 1300 with an n 
+ -n-n + configuration having source 1302, channel 1304, 
and drain 1306. FIG. 14 illustrates a device 1400 with ap + 
-p-p + configuration having source 1402, channel 1404 
and drain 1406. Note that all of the examples discussed 
herein that include a row or multiple substantially parallel 
rows, the terms "row" and "parallel" and any similar terms 
are meant only to constrain geometries within achievable 
tolerances that allow device function as described herein. 
While at least some practical devices will use configura- 
tions of linear fragments, other engineered configurations 
also are within the scope of the present invention. Exam- 
ples of other engineered configurations that may enable 
different devices and different device performance char- 
acteristics include, but are not limited to, circles, spirals, 



complex figures, etc. Also note that an engineered array 
may contain some organized arrangement of at least 
some component atoms, as well as other component 
atoms that are not part of the arrangement. The same 
holds true for other clusters or engineered arrangements 
of atoms mentioned in that the engineered array may in- 
clude additional impurities besides those that make up 
these arrangements. 
[0064] | n addition to placing atoms with proximity probe tech- 
nology, other techniques can be used. These techniques 
include, for example, single ion and low energy manipula- 
tion, ion implantation methods, and self, surface assisted, 
and/or directed assembly methods. It has been shown 
that certain types of atoms will self-assemble into geo- 
metric or other ordered patterns on appropriately pre- 
pared surfaces of certain materials. As a specific example, 
it has been shown that aluminum atoms, which are p-type 
dopants in silicon, can be made to self-assemble into or- 
dered clusters of 6 atoms in each cluster on a silicon sur- 
face if an appropriate temperature, in one experiment, 
575°C, is maintained. See Kotlyar et al., Physical Review B, 
66 (2002) 165401, which is incorporated herein by refer- 
ence. FIG. 14 shows a see-through top view of a device in 



which an engineered array of aluminum atoms (a p-type 
dopant) has been formed into an ordered pattern (in this 
specific example, a triangular pattern) by facilitating self- 
assembly as described above. FIG. 15 shows ap + -p-p + 
device 1500 with source 1502, drain 1504, and channel 
1506. The engineered array of dopants is made up of 
three triangular groups, 1508 of six aluminum atoms 
each. Groups of dopants in this type of device can be 
many shapes, depending on the specific type of process 
used for self-assembly, including non-linear and non- 
geometric patterns, as well as other ordered patterns such 
as squares, diamonds, lines, etc. Devices can be made us- 
ing self-assembly with any combination of n or p carrier 
types and source/drain types. 
[0065] FIG. 16 illustrates a top-down view of a device, 1600, in 
which the engineered array of p-type dopant atoms is ar- 
ranged in an irregular pattern of substantially parallel 
rows. In this case, source 1602 and drain 1604 can be ei- 
ther p or n type structures. The engineered array in this 
specific example includes 24 p-type impurity atoms such 
as atom 1606. FIG. 17 illustrates an example device, 
1700, with both types of dopants in the engineered array. 
Again, source 1702 and drain 1704 can be n-type or p- 



type material. The channel in this embodiment has an en- 
gineered array that includes n-type impurity atom 1706, 
and eight p-type impurity atoms such as atom 1708. 
[0066] FIG. 18 is another example device, 1800, which includes 
an engineered array of both types of dopant atoms. In this 
particular example, one type of dopant is used to facilitate 
an improvement of the uniformity of the source-channel 
and drain-channel interfaces. Device 1800 includes n- 
type source and drain regions 1802 and 1804, respec- 
tively. As previously described, these regions can be cre- 
ated by traditional diffusion or similar methods. The engi- 
neered array in this example includes p-type dopant im- 
purity atoms such as shown at 1806. These atoms are 
placed in a relatively central location in the channel. The 
engineered array also includes n-type dopants 1808. Note 
that the originally diffused source and drain regions in- 
cluded irregular interfaces such as that shown at 1810. 
Atoms 1808 of the engineered array are the same type as 
that used to make the source and drain, and are posi- 
tioned substantially along the original interfaces 1810. 
Thus the source and drain are extended slightly, and new, 
more uniform source-channel and drain-channel inter- 
faces are created such as that shown at 1812. Note that, 



as before, any of various combinations of p and n type 
dopants and source and drain materials can be used in 
created a device such as that shown in the example of FIG. 
18. 

[0067] Many manufacturing methods can be used to make single 
or engineered array deterministically doped cells and FET 
devices according to the invention. One example proce- 
dure can be summarized as follows. A depleted host 
structure is first defined. This host structure can be fabri- 
cated with conventional, known, manufacturing methods. 
Next, dopant atoms are deterministically positioned in the 
channel region. The dopant atoms can consist of donor, 
or acceptor, or donor and acceptor types. Finally, device 
fabrication is completed using known fabrication tech- 
niques that create a standard gate structure over the 
channel region, with activated dopants. The dopant atoms 
can remain on or even above the channel surface or be 
placed under the surface, via standard deposition tech- 
niques. 

[0068] | n the first step, the size and shape of individual depleted 
host cell structures are constructed and defined with fab- 
rication methods, known to those skilled in the art. These 
methods can involve known submicron and nanoscale 



patterning, etch, deposition, and ion implantation tech- 
niques. These methods for fabricating host cell regions 
include, but are not limited to: lithography, both conven- 
tional and so-called "next generation lithography" (NGL); 
maskless patterning; imprint or "step and flash" pattern- 
ing; self or directed assembly; and thin film or interface 
deposition by chemical vapor deposition (CVD), molecular 
beam epitaxy (MBE) or atomic layer epitaxy (ALE). A cross- 
sectional schematic of a host cell structure is shown at 
1900 of FIG. 19. This host structure is silicon-based and 
includes n + source region 1902 and n + drain region 1904. 
[0069] Alternatively, individual depleted host cell structures could 
be patterned from undoped or low-doped Silicon- 
on-lnsulator (SOI) substrates, with doping concentration 
less than 10 14 cm -3 . A schematic of a simple SOI based, 
host cell structure is shown at 2000 of FIG. 20. This host 
structure is silicon-based and includes n + source region 
2002 and n + drain region 2004. The probability that small 
cells, patterned with dimensions below 100 nm, will con- 
tain at least one bulk dopant atom will be less than 10%. 
For the purposes of small-scale production, testing the 
resistivity of these patterned cells identifies a set of cells 
that can be used for preparing deterministically doped FET 



devices. 

[0070] it should be noted that a host structure into or onto which 
an engineered array is added according to embodiments 
of the invention may or may not already have a source and 
drain region. The source and drain region can be created 
by diffusion or another method prior to building an engi- 
neered array according to the invention, or the engineered 
array can be placed in what is or will be the channel re- 
gion of the device before the source and drain are cre- 
ated. In this case, the source and drain will be formed with 
the engineered array in place. 

[0071] For the next step, methods for placing individual dopant 
atoms include, but are not limited to: proximity probe 
manipulation techniques; single ion, low energy, ion im- 
plantation methods; and self, surface assisted, and/or di- 
rected assembly methods. An example of method of mak- 
ing an atomic chain circuit by placing atoms at predeter- 
mined locations was previously discussed. The method is 
based on recent progress in atom manipulation technol- 
ogy that allows one skilled in the art to move atoms one 
by one and arrange them as desired. For small-scale pro- 
duction, commercially available, research type proximity 
probe systems can be used. For mass production, more 



automated proximity probe manipulators (PPM) may be 
desirable. Making a deterministically doped FET channel 
implies placing a specified number of p and/or n dopant 
atoms at specified locations in the channel region. Thus a 
PPM can be used for depositing individual n or p type 
dopant atoms at desired locations on a substrate. This 
process is illustrated in FIG. 20. 

[0072] | n FIG. 21, an assembly, 2100, places atoms to form engi- 
neered arrays. Carbon nanotube probes (only one probe 
tip, 2102, is shown for clarity) are used. An addressable 
multi-probe array can further extend this fabrication 
technique towards high-yield production. A cantilever 
2104 supports the probe system. An electric pulser oper- 
ates the cantilever. The probes place p-type dopant atoms 
2106 and/or n-type dopant atoms 2108 in or on the sub- 
strate channel region to form the engineered arrays ac- 
cording to embodiments of the invention. This system en- 
ables "stamping" of the engineered arrays. In this example 
embodiment, engineered arrays are created with both n- 
type and p-type impurities. 

[0073] jo finish devices, if needed, an epitaxial film of Si is 
grown by low-temperature molecular beam epitaxy 
(LTMBE) or low-temperature chemical vapor deposition 



(LTCVD). The film thickness is one half of the sell size. 
Subsequently, patterns (e.g. squares) are produced at the 
surface by a known nanopatterning technique, and the fi- 
nal cell shape is made by dry etching. The surface of the 
cell then is passivated by few monolayers of a dielectric 
material, such as Si0 2 , hydrogen, or CaF 2 - Finally, the gate 
structure is fabricated by conventional methods. 
[0074] t wo more detailed example embodiments of a manufac- 
turing method for deterministically doped FET devices are 
shown in Figures 22 and 23. In each case, step numbers 
are shown in circles, reference numbers are not circled on 
the drawings. In process 2200 of FIG. 22, at step 1, 
dopant atoms 2202 are placed on a host cell structure 
2204 to form the engineered array, in this example of 
three atoms. At step 2, an epitaxial film, 2206, of Si is 
grown by LTMBE or LTCVD. The film thickness in this ex- 
ample is approximately half of the sell size. At step 3, the 
devices are completed. The source and drain regions may 
already have been created in the initial host structure, or 
they may be created at this time. The surface of the cell is 
passivated by few monolayers of a dielectric material, 
2208, such as Si0 2 , hydrogen, or CaF 2 Patterns (e.g. 
squares) are produced at the surface by any known nano- 



lithographic technique, and the cell shape is made by dry 
etching. Finally, gate electrode 2210 is formed by conven- 
tional methods. 

[0075] | n process 2300 illustrated in FIG. 23, a first dopant atom, 
2302, is placed on a host cell structure, such as silicon (Si) 
substrate 2304, by a PPM technique at step 1. At step 2, 
an epitaxial film, 2306, of Si is grown by LTMBE with 
thickness in this example of one third of the sell size and 
second dopant atom 2308 is placed at the top of the 
structure at a specified spatial coordinate, which will allow 
a vertical engineered array to eventually be formed. At 
step 3, a second epitaxial film, 2310, of Si is grown by 
LTMBE with thickness of one third of the cell size and 
third donor atom 2312 is placed at the top of the struc- 
ture at specified spatial coordinate. A final epitaxial film, 
2314, of Si is grown by LTMBE with thickness of one third 
of the cell size. At step 4, the surface of the cell is passi- 
vated by few monolayers of a dielectric material, 2316, 
such as Si0 2 , hydrogen, or CaF 2 Patterns (e.g. squares) 
are produced at the surface by one a nanolithographic 
technique, and the cell shape is made by dry etching. Fi- 
nally, the gate electrode, 2318 is formed by conventional 
methods. The devices shown in Figures 22 and 23 are ex- 



amples only. Devices can be made with larger or smaller 
engineered arrays by increasing or decreasing the number 
of atoms being placed. In the case of a vertical array like 
that shown in FIG. 23, the number and thickness of the 
epitaxial layers is adjusted accordingly. If the device of 
FIG. 23 is designed so that the source and drain need only 
be diffused into the bottom layer, the initial substrate al- 
ready has source and drain regions defined. Otherwise, 
these can be added before the dielectric is placed. 
[0076] Again, the precise positional assembly of individual 

dopant atoms can be achieved by proximity probe manip- 
ulation of individual atoms at low temperatures; low volt- 
age ion implantation; directed assembly, surface assisted 
assembly, and self-assembly methods, and other meth- 
ods. Typical positional placement precision requirements 
are approximately nm. However, the positional placement 
precision requirements will be determined by the perfor- 
mance tolerance specified for each device. The fixing of 
the atomic positions of dopants and suppression of their 
movement can be accomplished by topography or surface 
driven segregation of dopants and/or surface passivation, 
electron-irradiation modification of materials properties, 
or the use of porous materials with controlled shape and 



distribution of pores, such as porous polymers, porous 
diamond, and porous calcium fluoride. For example, to 
construct the horizontal structures shown in FIG. 22, 
molecular beam epitaxy, MBE, can be used to build up a 
specified thickness of host material of a silicon lattice. 
Maskless patterning methods, such as probe lithography, 
directed assembly such as previously discussed with re- 
spect to aluminum atoms on silicon, or low-energy sin- 
gle-ion implantation can be used to position individual 
dopant atoms at precise locations on the silicon surface. 
With respect to single-ion implantation techniques, see T. 
Schenkel et al., "Single ion implantation for solid state 
quantum computer development," Journal of Vacuum Science 
and Technology B, 20 (2002) 2819, which is incorporated 
herein by reference. As described above, MBE continues to 
build up the thickness of the silicon lattice and embed the 
dopants at precise locations within this structure. Con- 
ventional, holographic or imprint patterning methods can 
be used to define regions to etch, for isolating individual 
channel structures. Alternatively, the final etch, a subtrac- 
tive process, can be eliminated if an MBE resistant region 
is defined lithographically prior to the first step, described 
above. 



[0077] | n a similar way, dopant atoms can be arranged colinearly, 
in a vertical manner, as shown in FIG. 23, by alternating 
the MBE and maskless patterning steps described above, 
until the array of dopant atoms (three atoms in the exam- 
ple embodiment) is positioned. Finally, as above, MBE and 
conventional patterning of the gate dielectric and elec- 
trode stack complete the fabrication of this vertical cell. 

[0078] with the present invention, a single-dopant FET device is 
created by depositing (a) dopant atom(s) at precise loca- 
tions on the surface of or within a solid host matrix or lat- 
tice. This host structure may embody a variety of shapes 
and textures. The host structure and the active cell can be 
thought of as a supermolecular structure. To aid under- 
standing, this system can be conceptualized like other 
complex quasi-macromolecular structures, such as poly- 
mers, proteins or chromosomes. 

[0079] Consider the case of a host channel cell, H as a super- 

ch , 

molecular structure, with dopant atoms, of types Y —Y , 
precisely positioned as substituents in this supermolecu- 

th 

lar structure. Y corresponds to the / a dopant atom of 
dopant type k embedded in a local environment, such that 
the dopant can either be an electron acceptor or an elec- 
tron donor. Also, this dopant may be attached, or in close 



proximity, to a modifying substituant, R, such that Y = 
Dopant + R. The following describes a general empirical 
formula for such deterministically doped supermolecular 
FET channel type structures: 

[0080] ^^^^^^^^^^^^^^^^^^^^^^^^^^^H 



[0081] wherein H defines the channel region material; z is a total 
number of host matrix atoms; Ydefines the dopant atom 
type, with l to k dopant atom types; j is the discrete num- 
ber of dopant atoms of the l st dopant atom type in the 
engineered array; and / is the discrete number of dopant 
atoms of the k th dopant atom type in the engineered ar- 
ray. 

[0082] Finally, the positions of, and distances between, dopant 
atoms are accurately and precisely controlled, with posi- 
tional tolerances specified for each device. Again, if 
dopant atoms are placed roughly 5 nm apart, then a typi- 
cal positional placement precision requirement for each 



dopant atom in order to create a practical working device 
is approximately 1 nm. 
[0083] Specific embodiments of an invention have been herein 
described. One of ordinary skill in the semiconductor, 
chemical, and/or electronics arts will quickly recognize 
that the invention has numerous other embodiments. In 
fact, many implementations are possible. The following 
claims are in no way intended to limit the scope of the in- 
vention to the specific embodiments described. 



